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Successful germination represents a crucial developmental transition in the plant
lifecycle and is important both for crop yields and plant survival in natural ecosystems.
However, germination potential decreases during storage and seed longevity is a key
determinant of crop production. Decline in germination vigor is initially manifest as
an increasing delay to radicle emergence and the completion of germination and
eventually culminating in loss of seed viability. The molecular mechanisms that determine
seed germination vigor and viability remain obscure, although deterioration in seed
quality is associated with the accumulation of damage to cellular structures and
macromolecules including lipids, protein, and nucleic acids. In desiccation tolerant
seeds, desiccation/rehydration cycles and prolonged periods in the dry quiescent state
are associated with remarkable levels of stress to the embryo genome which can result
in mutagenesis of the genetic material, inhibition of transcription and replication and
delayed growth and development. An increasing number of studies are revealing DNA
damage accumulated in the embryo genome, and the repair capacity of the seed to
reverse this damage, as major factors that determine seed vigor and viability. Recent
findings are now establishing important roles for the DNA damage response in regulating
germination, imposing a delay to germination in aged seed to minimize the deleterious
consequences of DNA damage accumulated in the dry quiescent state. Understanding
the mechanistic basis of seed longevity will underpin the directed improvement of crop
varieties and support preservation of plant genetic resources in seed banks.
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BACKGROUND
Successful germination is a key developmental transition that is critical for plant propagation and
is essential for both agriculture and the plant lifecycle. Modern farming requires high quality seed
lots, with robust germination and seedling establishment that is tolerant of environmental stresses.
In addition, programs for the ex situ conservation of plant genetic resources in seed banks are
reliant on seeds and their properties, providing a lifeline to future generations. Both agriculture
and plant conservation requires the maintenance of seed germination vigor and viability during
storage. Recent work has shed light on the molecular aspects of seed longevity, revealing DNA
Abbreviations: AP, apurinic; ATM, ataxia telangiectasia mutated; ATR, ATM and RAD3-related; BER, base excision repair;
DDR, DNA damage response; DSB, double-strand break; HR, homologous recombination; NHEJ, non-homologous end-
joining; PARP, poly (ADP-ribose) polymerase; PCD, programmed cell death; QTL, quantitative trait locus; RAM, root apical
meristem; ROS, reactive oxygen species; SMR, Siamese related; SSB, single-strand break; 8-oxoG, 8-oxoguanine.
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repair mechanisms and the DNA damage response (DDR) as key
factors which control germination and dictate the germination
potential of a seed.
Seed Germination
Seeds are propagules containing embryos in which growth is
suspended. In this quiescent state, desiccation tolerant seeds,
which represent the majority of plant species, exhibit a low
moisture content (<15%) and repression of metabolic processes
until rehydration occurs upon seed imbibition. Seeds that survive
such low moisture contents are termed “orthodox” seeds, in
contrast to those species incapable of withstanding such water
loss which are termed “recalcitrant.” Orthodox seeds can remain
viable in this dehydrated state for long periods of time, before
being stimulated to germinate upon rehydration under favorable
conditions for growth. Seeds exhibit considerable interspecific
and intraspecific variation in longevity, and in many species
can retain viability for decades. Remarkably, date palm seeds
excavated from the archeological site of King Herod’s palace in
Israel, were able to germinate after 2000 years (Sallon et al.,
2008). Upon desiccation the cytoplasm transitions from a fluid
to a glassy state which minimizes mobility of molecules and
stabilizes cellular structures (Buitink and Leprince, 2008). The
residual water in the desiccated seed is associated with biological
molecules which provide resistance to freezing and formation
of ice crystals. Seed germination is initiated by the imbibition
of water by the seed and ends with the start of elongation of
the embryonic axis and emergence of the radicle (Bewley and
Black, 1994). Given an adequate supply of water, imbibition
by the mature “dry” orthodox seed exhibits a triphasic pattern
(Bewley, 1997). Phase I consists of water uptake that is largely
a consequence of matric forces. In the mature seed, metabolism
is reduced to very low levels, although all the components of
a fully functional protein synthesizing system, including mRNA
synthesized during the late stages of seed maturation are present
in the quiescent embryo of a viable seed (Blowers et al., 1980).
Within minutes of taking up water, imbibing seeds display
rapid activation of respiratory and synthetic processes, de novo
synthesis of protein and both ribosomal and messenger RNA
along with mitochondrial ATP synthesis. Imbibition is followed
by a lag phase (Phase II) in which water potential of the seed
is in balance with its surroundings and there is no net water
uptake. Phase III occurs as a consequence of radicle elongation
and emergence that drives an increase in fresh weight. Both viable
and non-viable seeds will exhibit phases I and II of water uptake
but only viable seed are capable of entering phase III, which
marks the completion of germination.
The Importance of Seed Longevity
Seeds deteriorate with time and seed aging is exacerbated under
suboptimal environmental and poor storage conditions such
as high relative humidity and temperatures. In agriculture,
high seed vigor, defined as rapid, uniform germination, and
robust seedling establishment tolerant of adverse environmental
conditions, is a major determinant of crop yields (Rajjou
et al., 2012; Finch-Savage and Bassel, 2016). Low quality seed
negatively impacts on final yield through reduced emergence,
poor seedling establishment and reduced harvesting efficiency
arising from non-uniformity of crop growth. Low vigor seeds
germinate and establish poorly under stresses including low
temperature, drought and anoxic waterlogged soils. Yield losses
resulting from using low vigor seeds are further exacerbated
as young seedlings are particularly vulnerable to environmental
stresses such as drought, predation, pathogen attack, and
weed competition (Finch-Savage and Bassel, 2016). The strong
link between seed vigor and successful seedling establishment
highlights the great potential for increasing crop yields through
improved seed germination performance in the field (Powell
and Matthews, 2012). Seed longevity is determined by the
interplay of complex genetic and environmental factors (Clerkx
et al., 2004; Joosen et al., 2012), and despite its economic,
agronomic and ecological importance our current understanding
of the molecular basis of seed longevity remains incomplete to
date. Desiccation and rehydration cycles in combination with
prolonged periods in a dry quiescent state are accompanied
by reduced cellular maintenance activities and the progressive
accumulation of damage to cellular ultrastructure and biological
macromolecules including DNA, RNA, proteins and lipids
(Powell and Matthews, 2012). Reactive oxygen species (ROS)
produced during desiccation, storage and imbibition are an
important causative factor of seed aging although significantly
ROS also play critical roles as signaling factors that promote
germination (Kranner et al., 2010). Consequently, desiccation
tolerant seeds have evolved powerful protection and repair
systems to minimize damage to cellular structures and biological
molecules. Upon seed imbibition, cellular repair activities
facilitate recovery from damage incurred during quiescence, and
the speed and capacity for repair are closely linked to germination
performance and the successful establishment of the young
seedling (Powell and Matthews, 2012). The molecular factors
which influence seed longevity have been recently reviewed (Sano
et al., 2015). However, an expanding body of studies is defining
the important link between repair mechanisms, germination and
seed longevity, in particular the role of genome maintenance
mechanisms, and will form the focus of this review.
Factors Affecting Seed Vigor and Viability
The low metabolism of the quiescent embryo provides a barrier to
repair activities, leading to the accumulation of macromolecular
damage and seed aging. Suboptimal conditions during the late
stages of seed development or during quiescence accelerate the
deterioration of cellular components (Sattler et al., 2004). The
increased requirement for repair leads to a delay to radicle
emergence and reduced germination performance, ultimately
resulting in failure to germinate and loss of seed viability.
Seed aging not only delays radicle emergence but in many
species leads to abnormal or weak seedlings (Powell and
Matthews, 2012). Repair mechanisms reverse damage to cellular
components, restoring cellular function prior to the initiation
of growth post-germination. Genetic studies have identified the
importance of pathways for cellular repair in maintaining the
viability of the quiescent seed, as recently reviewed (Rajjou
et al., 2012; Sano et al., 2015; Waterworth et al., 2015). The
activity of these pathways influence seed longevity and there
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is evidence that plants are able to adapt to environmental
changes to promote seed viability over a relatively short timescale
(Mondoni et al., 2014).
DNA Damage in Seeds
DNA, and the information it encodes, is irreplaceable if lost
or degraded. DNA damage has immediate impacts on cellular
function as DNA provides the template both for transcription
and DNA replication. As meristems within the embryonic
plant give rise to the mature plant, including the reproductive
tissues, mutations incurred in seeds have the potential to be
transmitted on to progeny (Ries et al., 2000). Accordingly,
genome maintenance mechanisms in seeds are important not
only for growth and development, but also in preserving
the longer term stability of plant germplasm at the level of
populations and species. Thus, DNA damage must be repaired
early in imbibition prior to initiation of cell division, to maintain
germination potential and minimize mutagenesis in subsequent
seedling development (Waterworth et al., 2016). The requirement
for extended repair of accumulated damage underlies the delay to
germination characteristic of low vigor seed (Waterworth et al.,
2010). In particular, seed aging is associated with progressive
accumulation of DNA damage in the embryo, including increased
levels of base loss, generating abasic sites, base modification,
single strand DNA breaks (SSBs) and DNA double strand breaks
(DSBs) (Cheah and Osborne, 1978; Dourado and Roberts, 1984a;
Córdoba-Cañero et al., 2014). For example, naturally aged rye
seeds accumulated DNA breaks as seeds deteriorated, leading
to prolonged DNA repair synthesis prior to the onset of DNA
replication in aged seed and germination coincident with delayed
radicle emergence (Cheah and Osborne, 1978; Elder et al.,
1987). The lowered moisture content of the desiccated orthodox
seed reduces the rate of genome damage but in the absence
of repair, lesions accumulate over time (Walters et al., 2006).
Desiccated maize seed incurred 6-fold less base loss after dry
storage at 20◦C for 2 years than DNA in aqueous solution.
Apurinic (abasic) sites were detected at a frequency of 3.8× 10−5
per nucleotide in the quiescent embryo, and levels further
increased 4-fold upon imbibition (Dandoy et al., 1987). DSBs
are a particularly cytotoxic form of DNA damage. Cytological
studies demonstrated extensive chromosome fragmentation and
rearrangements upon seed aging and that even high vigor
seeds display a background level of DSBs (Dourado and
Roberts, 1984a). An early study published by Navashin in 1933
reported that the incidence of chromosome abnormalities in a
seed lot stored for a number of years “. . . strikingly resembled
one obtained from soaked seed which had been treated by
X-rays” (Navashin, 1933), with extensive chromosomal defects
in the majority of cells. The aberrant mitotic figures represent
mis-joined chromosomes resulting from extensive induction
of DNA double strand breaks in the desiccated quiescent
seed (Waterworth et al., 2016). Desiccation as a strategy
to survive extreme environments is termed anhydrobiosis,
and is found in a broad range of organisms including
bacteria, tardigrades, fungi, algae and mosses (Franca et al.,
2007). Desiccation tolerance requires protection adaptions, for
example the production of late embryogenesis abundant (LEA)
proteins which were initially identified in plants but found in
diverse phyla. However, while protective mechanisms enable
organisms to withstand the physical effects of dehydration and
rehydration alone, they are insufficient or unable to counter
the accumulation of DNA damage during quiescence. Several
organisms adapted for anhydrobiosis have evolved powerful
DNA repair mechanisms to reverse genome damage incurred
during quiescence. Examples include tardigrades and the desert
dwelling bacterium Deinococcus radiodurans, organisms that
exhibit extreme resistance to high energy irradiation (X-rays
and gamma rays) due to their enhanced DNA repair capacity
(Zahradka et al., 2006; Gladyshev and Meselson, 2008).
Genome Maintenance Mechanisms
The combination of endogenous factors and environmental
stresses, including UV, background irradiation, soil and air
pollutants, result in a wide spectrum of DNA damage.
Furthermore, DNA modification by metabolic by-products
(in particular ROS) and errors during DNA replication and
transcription represent major sources of genome damage.
Eukaryotes have evolved powerful DNA repair pathways specific
for particular types of lesion (Figure 1) and sensitive DNA
damage sensing mechanisms coupled to checkpoints that delay
cell cycle progression in the presence of DNA damage (Sancar
et al., 2004). Cellular survival depends on the concerted action
of powerful repair pathways for base damage and single strand
breaks (base excision repair or BER), broad specificity repair of
damage to one strand of the duplex (nucleotide excision repair or
NER) and repair of DNA double strand breaks (non-homologous
end joining or NHEJ, homologous repair or HR, alternative NEJ
pathways or alt-NHEJ). These pathways are highly conserved
across eukaryotes, and well-characterized in plants, in particular
in Arabidopsis and rice (Britt, 1999; Bray and West, 2005).
Excision Repair Pathways
Excision repair operates on one of the two strands of the
DNA duplex by excising the damaged region followed by
repair synthesis using the intact template strand as a guide.
Damaged bases are typically removed by the Base Excision
FIGURE 1 | DNA damage lesions and their DNA repair pathways in seeds.
Nucleotide excision repair (NER) repairs damage on a single strand of the
duplex, with specificity for bulky adducts and forms of damage that block
RNA polymerase. Base excision repair (BER) removes damaged bases and
repairs single strand breaks (SSBs). DNA double strand breaks (DSBs) are
repaired by homologous recombination (HR), non-homologous end joining
(NHEJ), or alternative NHEJ. Oxo G is 8-oxoguanine.
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Repair pathway, initiated by DNA glycosylase enzymes that are
specific to particular damage products, generating an abasic
site which is followed by removal of the abasic site and DNA
synthesis to fill the resulting gap. The most prevalent form of base
damage is the oxidation product 8-oxoguanine (8-oxoG) and
levels increase in seed subject to accelerated aging (Chen et al.,
2012). Removal of 8-oxoG is mediated by either the 8-oxoguanine
DNA glycosylase/lyase (OGG1) or formamidopyrimidine-DNA
glycosylase (FPG) (Córdoba-Cañero et al., 2014). Both OGG1 and
FPG display increased expression during Medicago truncatula
seed imbibition (Macovei et al., 2011) and levels of 8-oxoG
base damage were significantly reduced in Arabidopsis seeds
overexpressing OGG1 (Chen et al., 2012). These lines also
displayed enhanced resilience to seed aging under abiotic stress
conditions, with improved seed viability when germinated at
elevated temperatures or in the presence of salt stress (NaCl),
relative to wild type (Chen et al., 2012). More bulky forms
of DNA damage, representing steric changes in DNA duplex
structure including base dimers, are repaired by nucleotide
excision repair (NER), in which an oligonucleotide of ∼30 bases
is excised and DNA polymerase fills in the single stranded region.
This pathway can also use stalled RNA polymerase to identify
polymerase blocking lesions which are then fed into the NER
pathway. Mutation in xeroderma pigmentosum group B protein
(XPB1), which mediates DNA helicase activity in NER, resulted
in reduced germination relative to WT seeds after treatment
with hypochlorite, which induces oxidative DNA damage. This
suggests that NER is active in imbibing seeds and is required
for maintenance of seed viability (Costa et al., 2001). NER gene
expression increased toward the end of Phaseolus vulgaris L seed
development, consistent with NER activity in imbibing seeds
(Parreira et al., 2018). To-date there are no reports that core
NER components are required to repair aging-induced genome
damage, although recently co-expression network analysis in
Medicago and Arabidopsis identified DNA repair factors such as
DNA LIGASE I (LIG1) as genes associated with seed longevity
(Righetti et al., 2015). Genes in this cluster were also expressed in
response to pathogens, light and auxin, raising the possibility that
seed longevity may have evolved through co-opting pathways
which control defense against pathogens (Righetti et al., 2015).
Interestingly the DDR signaling network is common to a broader
range of stresses and has been implicated in the response to
pathogen attack (Ogita et al., 2018).
Repair of DNA Double Strand Breaks
Double-strand breaks are highly cytotoxic DNA damage products
which occur spontaneously in the cell, especially during DNA
replication and under oxidative stress. DSBs are repaired
by non-homologous end joining (NHEJ) or homologous
recombination (HR), characterized by random-end-joining or
homology mediated repair of broken chromosomes, respectively.
NHEJ is the predominant mechanism in vegetative tissues of
vascular plants, as indicated by the extreme hypersensitivity of
NHEJ mutants to X-rays and radiomimetics (West et al., 2002;
Friesner and Britt, 2003). Recombination-mediated repair of
DSBs is essential for cell viability and maintenance of genomic
integrity in response to genotoxic stresses (Charbonnel et al.,
2011). The elevated frequencies of chromosomal abnormalities in
aged seeds (Abdalla and Roberts, 1968) arise from chromosomal
fusions formed through errors in re-joining of DNA DSBs by
the cell’s recombination pathways. Even high vigor seeds display
a background level of chromosomal aberrations, indicative
of higher levels of genome stress in germination relative to
other stages of plant development (Waterworth et al., 2016).
In Arabidopsis seeds, the presence of chromosomal breaks is
sufficient to slow or block germination and failure to repair
this damage prior to germination results in genome instability
and low vigor seedlings (Waterworth et al., 2010). Analysis
of DNA ligase mutants, deficient in NHEJ repair of DSBs,
established the genetic link between DNA repair and seed
longevity. DNA LIGASE 4 (LIG4) and DNA LIGASE 6 (LIG6),
respectively, function in the canonical and back-up (alt-NHEJ)
pathways, and mutant seed are hypersensitive to accelerated
aging (Charbonnel et al., 2011). The additive phenotype of the
lig4 lig6 mutant indicates distinct roles for each pathway in
maintenance of germination potential. Interestingly, a genome
wide analysis of genetic determinants of seed longevity identified
a QTL in Arabidopsis that coincided with the chromosomal
location of LIG4 (Nguyen et al., 2012). HR-mediated repair
of DSBs is also important in seeds, identified by analysis
of gamma irradiated maize rad51 mutants which displayed
delayed germination and high seedling mortality relative to
wild type lines (Li et al., 2007). The hypersensitivity to aging
of seeds deficient in DSB repair implicates the importance
of chromosome break repair in maintaining high seed vigor
(Waterworth et al., 2010). Conversely, increased DNA repair
capacity results in enhanced seed longevity and resistance to
aging (Chen et al., 2012) and seeds that are maintained in
a hydrated state and which have not undergone maturation
drying do not display such levels of genome stress, with
reduced chromosomal abnormalities (Villiers, 1974). During
the later stages of seed development in Phaseolus vulgaris,
in which maturation drying reduces seed water content,
seeds display upregulation of DSB repair associated genes,
which may reflect the stress induced during the drying phase
and may prime seeds with repair factors required in early
imbibition (Parreira et al., 2018). These results establish a
strong link between DNA damage incurred during seed aging
with decreased seed quality and weak seedlings that establish
poorly on soil.
DNA Damage Signaling
DNA damage sensing mechanisms are coupled to control of cell
cycle progression to limit the potentially highly mutagenic effects
of DNA replication or chromatid segregation in the presence
of DNA damage (Sancar et al., 2004). In order to minimize the
cellular consequences of genotoxic stresses, the DDR orchestrates
a coordinated network of responses including activation of cell
cycle checkpoints, DNA repair factors, programmed cell death
(PCD) and endoreduplication (Fulcher and Sablowski, 2009;
Adachi et al., 2011). Plant growth and development requires
cellular responses to genotoxic stress, which are type-specific
and dependent on damage levels (Fulcher and Sablowski, 2009).
The protein kinases ATAXIA TELANGIECTASIA MUTATED
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FIGURE 2 | The DNA damage response (DDR) in seeds. The DNA damage
response executes a coordinated network of responses in order to minimize
the consequences of genome damage to the cell, including activation of cell
cycle checkpoints, DNA repair factors, and programmed cell death (PCD).
The master kinases ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM
AND RAD3-RELATED (ATR) control the cellular response to DNA damage in
eukaryotes through activation of downstream responses at the transcriptional
and post-transcriptional levels. ATM controls advancement of germination in
aged seeds, in part through transcriptional control of the cell cycle inhibitor
SIAMESE RELATED 5 (SMR5). Both ATM and ATR influence seed viability but
the molecular mechanism is unknown. In plants the transcriptional DDR
encompasses hundreds of genes encoding proteins involved in DNA repair,
chromatin remodeling and DNA metabolism. In the early stages of imbibition,
seeds exhibit a large and rapid ATM-dependent transcriptional DNA damage
response early in imbibition. DNA repair synthesis is detectable from the
earliest stages of imbibition. As seed aging progresses and radicle emergence
is delayed, this lag phase to germination is accompanied by an ATM-mediated
delay of cell cycle activation in the root apical meristem (RAM) and extension
of DNA repair activities.
(ATM) and ATM AND RAD3-RELATED (ATR) function as
master controllers of the cellular response to DNA damage in
eukaryotes and cell cycle arrest is activated, in part, by the
transcriptional upregulation of CYCLIN DEPENDENT KINASE
(CDK) inhibitors (Figure 2) (Yi et al., 2014; Hu et al., 2016).
In plants the transcriptional DDR encompasses hundreds of
genes encoding proteins involved in DNA repair, chromatin
remodeling and DNA metabolism (Culligan et al., 2006). In
the early stages of imbibition, seeds exhibit a large and rapid
ATM-dependent transcriptional DDR, indicative of high levels
of genotoxic stress (Waterworth et al., 2010). However, the
DDR is negligible in mature barley seeds which have not
undergone desiccation, storage and rehydration, indicating that
ATM activation during imbibition of the desiccated seed is a
direct response to high levels of DNA damage incurred during
or after maturation drying (Waterworth et al., 2016). Recent
studies identified that aged mutant atr and atm seeds display
higher germination rates than wild type control seed, indicating
deficiencies in the regulation of germination in response to
damage in these lines (Waterworth et al., 2016). In ATM-deficient
seeds, germination of aged seeds coincides with extensive
chromosomal abnormalities and the resulting seedlings establish
poorly on soil (Waterworth et al., 2016). Similarly, natural loss
of seed vigor is associated with increased frequencies of non-
viable seedlings carrying cytogenetic defects and leads to reduced
crop yields in agricultural species (Dourado and Roberts, 1984b;
Finch-Savage and Bassel, 2016). These recent findings collectively
implicate DNA damage checkpoints as important determinants
of vigor and viability of both seeds and seedlings, highlighting the
importance of DNA damage signaling in germination to promote
robust seedling growth.
Cell Cycle Activity in Germination
An increasing body of studies is linking control of cell cycle in
germination with seed vigor. Cell cycle progression is linked to
genome integrity through the activity of cell cycle checkpoints
which control cell cycle advancement. Checkpoints are activated
at critical phases of the cell cycle including DNA replication
(the G1/S transition and intra-S phase), and before partitioning
of sister chromatids into daughter cells during mitosis (the
G2/M checkpoint) (Hu et al., 2016). Advancement through
the plant cell cycle is driven by CDKs (cyclin dependent
kinases) and their regulatory cyclin partners and is stimulated
by CDK activating kinases (CAKs). Negative regulators integrate
environmental and developmental signaling to control cell
cycle activity. These include the WEE1 kinase, involved in
the S-phase checkpoint, and two families of small inhibitory
proteins: cyclin-dependent kinase inhibitors (CKIs, also known
as kip-related proteins (KRPs) and the SIAMESE/SIAMESE
RELATED (SIM/SMR) family proteins (Hu et al., 2016). In
most mature desiccated seeds the majority of cells are in the
resting or G1 stage of the plant cell cycle (Velappan et al.,
2017). Cell expansion drives embryo growth in Arabidopsis
and the cell cycle is initiated in the cells of the root apical
meristem (RAM) around the time of radicle emergence from
the seed coat (Vázquez-Ramos and de la Paz Sánchez, 2007).
Recent studies showed that phytohormones including gibberellin
and auxin promote cell cycle activation prior to germination
(Lara-Núñez et al., 2008; Resentini et al., 2015; Godínez-
Palma et al., 2017), whereas activation of cell division in the
cotyledons and shoot apical meristem (SAM) occurs largely
post-germination, several hours later than the root meristem
cells (Barroco et al., 2005; Masubelele et al., 2005). Cell cycle
activity in the RAM is required for high vigor and there
is evidence for regulatory roles of cyclins, KRPs, and SMR
proteins in seed germination. Mutants lacking the D-type cyclins,
CYCD1:1 and CYCD1:4 exhibited delayed radicle emergence
(Barroco et al., 2005; Masubelele et al., 2005), while CYCD-CDK
kinase activity in imbibing maize seeds is stimulated by auxin
(Lara-Núñez et al., 2008).
Endocycles, whereby cells replicate DNA and increase ploidy
without mitotic division, is associated with cell expansion and
in seeds is implicated in stimulating germination (Finch-Savage
and Bassel, 2016). For example, the Arabidopsis CDK inhibitor
ICK3/KRP5 is expressed in the transition zone between the
root and the hypocotyl. Mutants display delayed germination,
consistent with a role for KRP5 in the induction of endocycles
promoting radicle emergence (Wen et al., 2013). KRP6 is
also suggested to promote germination through endocycles.
However, KRP6 has additional inhibitory roles, counteracting
the gibberellin-mediated activation of mitotic cell cycle activity,
leading krp6 mutants to germinate faster than wild type lines
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(Resentini et al., 2015). Recently, the second family of small
inhibitory proteins (SIM/SMR) was also shown to have roles in
seeds. In response to DNA damage, Arabidopsis ATM induces
expression of SMR5 and SMR7 which results in cell cycle arrest
(Yi et al., 2014) and SMR5 and SMR7 induction is also observed
during imbibition (Waterworth et al., 2016). This is indicative of
a mechanism whereby DNA damage slows germination through
the ATM-dependent cell cycle regulation mediated by SMR
factors. Recent studies identified that in aged seeds of atm
mutant lines, S-phase is advanced relative to wild type seed,
consistent with ATM-mediated control of a G1/S checkpoint
and extending the lag period to completion of germination. This
reveals DNA damage signaling as a major factor which controls
germination in aged seed, integrating germination progression
with surveillance of genome integrity and imposing the lag
period to germination as vigor declines in response to aging-
related DNA damage.
Cell Death in Aged Seeds
Rapid and sensitive responses to genotoxic stresses are crucial
to safeguard the fidelity of genetic information, in particular in
meristematic tissues of plant embryos where actively dividing
cell populations are the progenitors of all cells in the future
plant. The genome integrity of the meristem cells, and especially
the stem cell initials and the quiescent centre (QC), is therefore
crucially important. The slow division rate of QC cells allows
greater time for repair of genome damage and may underlie
the greater tolerance of these cells to DNA damage (Heyman
et al., 2014). This contrasts with the rapidly dividing stem cell
initials which display hypersensitivity to genotoxins, leading to
high levels of PCD in these tissues, in a pathway dependent on
DNA damage signaling by the ATM and ATR kinases (Fulcher
and Sablowski, 2009; Furukawa et al., 2010). Both kinases
act through a transcription factor SOG1 which is proposed
to have key roles in the resumption of embryo growth in
germination subsequent to genome damage (Johnson et al.,
2017). In seeds, cells remain in G1 prior to germination
and the role of PCD and its contribution to seed vigor and
subsequent seedling growth is unclear. However, hallmarks of
cell death are observed as seed deterioration progresses and
damage to cellular components exceeds repair capacity (Kranner
et al., 2010). The appearance of DNA laddering, a characteristic
hallmark of programmed nuclease activity in PCD, was detectable
in both sunflower and pea seeds after aging, increasing in
incidence as seed deterioration progressed (El-Maarouf-Bouteau
et al., 2011; Chen et al., 2013). Transcriptomic analyses of
aging pea seeds were consistent with a switch from PCD to
senescence associated gene expression as seed viability is lost in
pea. PCD in aged seeds may contribute to loss of viability, in
addition to cell death arising from senescence of cells suffering
irreversible damage, leading to “exhaustion,” which is likely
to underlie the loss of germination potential in aged seeds
(Kranner et al., 2010).
Chromatin Remodeling
DNA repair, DNA replication and transcription all take place
in the context of chromatin in which DNA is packaged with
histone proteins into nucleoprotein complexes. Accessibility
of proteins, including the transcription and repair machinery,
is achieved through chromatin remodeling enzymes and post-
translational modification of histones (Donà and Mittelsten
Scheid, 2015). This provides a powerful mechanism for
transcriptional control during development and in response to
the environment, in addition to protecting DNA from cellular
factors. The mechanisms which function to stabilize and protect
the genome in the dry quiescent state, and in transitions
in nuclear architecture between the hydrated and desiccated
state, are unclear (Neumann et al., 2009). In Arabidopsis
seeds, a programmed decrease in nuclear size and chromatin
compaction are associated with the dormant and the desiccated
state and persist until germination is completed (van Zanten
et al., 2011). Chromatin remodeling plays important roles in
the modulation of dormancy, which represents a block to
germination even under favorable conditions, and recent studies
are also revealing key roles in germinating seeds. Treatment of
Arabidopsis seeds with histone deacetylase inhibitors stimulates
germination (Wang et al., 2016), while Arabidopsis mutants in
the histone deacetylases HDA6, HDA9 and HDA19 displayed
reduced dormancy (Zanten et al., 2014; Nelson et al., 2017).
HDA19 functions in a complex with SWI-INDEPENDENT3
(SIN3)-LIKE1 (SNL1) and SNL2 during seed maturation, and
establishes seed dormancy through reducing expression of genes
involved in ABA turnover, thereby promoting ABA accumulation
(Wang et al., 2013). Upon imbibition, SNL1 and SNL2 expression
is reduced, which results in increased histone acetylation in
target genes and leads to auxin signaling, increased expression
of CYCD1;1 and CYCD4;1 and promotion of germination
(Wang et al., 2016). Deacetylation inhibitors, used at higher
concentrations than those that increased Arabidopsis seed vigor,
inhibited Medicago seed germination and resulted in increased
DNA strand breaks around the time of radicle protrusion
(Pagano et al., 2018). This DNA damage was coincident with
upregulation of transcripts encoding antioxidant genes and the
DNA repair factors OGG1 (BER) and LIG4 (NHEJ) (Pagano
et al., 2018). Understanding how nuclear compaction is mediated
with local changes in chromatin structure, and the impact of
these modifications on germination and maintenance of genome
integrity in the desiccated state, will provide important new
insight into the mechanisms underlying seed longevity.
Germination Enhancement Treatments:
Seed Osmopriming
Deterioration in seed vigor is manifest as decreasing rapidity
and synchronicity of germination and this increased delay
to radicle emergence is accompanied by an extended period
of genome repair. Several crop species, including high value
vegetable seeds and sugar beet are routinely improved by
priming, a pre-germinative seed treatment in which controlled
hydration increases the speed of germination and enhances field
emergence (Heydecker et al., 1973). Controlled hydration is
thought to allow cellular repair processes to proceed without
completion of germination (Heydecker et al., 1973; McDonald,
1999). Priming evidently reverses the lag period to germination
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exhibited as seed lose vigor and promotes uniformity and stress
tolerance in emerging seedlings. Seedling field emergence for
many commercial species, typically >70% in the case of sugar
beet, can be increased 5–10% by priming. The advantages
of priming treatments are reductions in both the spread of
germination and mean time to germination in low vigor seed
lots. However, priming can result in a significant reduction in
seed longevity (accelerated loss of viability over time) resulting
in substantial economic losses in crop species (Tarquis and
Bradford, 1992; Dekkers et al., 2015). The molecular basis for
this loss of storability remains unknown, although over-priming,
where germination is allow to progress to the initiation of
DNA replication, was associated with reduced viability in tomato
(van Pijlen et al., 1996).
Biochemistry of Osmopriming
Our understanding of the molecular basis of priming remains
limited, although storage protein mobilization, endosperm
weakening and DNA repair synthesis have been identified in a
number of priming studies (Capron et al., 2007; Waterworth
et al., 2015). Restoration of genome integrity by repair processes
is common to priming in a range of species, including a
correlation of DNA repair synthesis with improved germination
after priming leek (Allium porrum L.) seeds (Ashraf and
Bray, 1993; van Pijlen et al., 1996). Both repair of nuclear
DNA and replication of mitochondrial DNA were observed
during the priming period in leek embryos, whereas nuclear
replicative DNA synthesis and cell cycle progression occurred
post priming. Repair of mitochondria is likely to be of critical
importance, as ATP is virtually absent in the quiescent embryo
and mitochondrial oxidative phosphorylation is a major source
of ATP from the start of imbibition. Loss of vigor has been shown
to be reflected in reduced levels of nucleoside triphosphates and
nucleotide sugars needed for nucleic acid synthesis and repair
along with cell wall synthesis during cell expansion and division
in the embryo of the germinating seed (Standard et al., 1983).
Nuclear DNA replication is not observed during priming of
leek seeds (Gray et al., 1990b). However, cell cycle progression
during osmopriming treatments is species dependent and seeds
of some species contain immature embryos which need to
increase appreciably in size before the radicle tip emerges through
the seed coat at germination. Such immature embryos of both
carrot and celery seeds show a 3–4 fold increase in cell number
and cell volume before they are able to germinate (Gray et al.,
1990a; Karssen et al., 1990). During priming cells of the root
tip of tomato embryos progress from the G1 phase of the cell
cycle into G2 via a round of replicative DNA synthesis but
do not undertake cell division (Bino et al., 1992; Dawidowicz
Grzegorzewska, 1997; de Castro et al., 2000), consistent with cell
cycle activity contributing to the advancement of germination
conferred by seed priming.
Genome Maintenance in the
Hydrated Seed
In the natural environment, seeds can persist in the soil seedbank
undergoing dormancy cycling for many years, experiencing
transitions between wet-dry states dependent on soil hydration
levels (Footitt et al., 2011). Seed-bearing plants are thought to
have evolved dormancy and desiccation tolerance as distinct
adaptive strategies which facilitate survival and propagation in
varying environments, with many species exhibiting interspecific
in addition to intraspecific adaptation to different climatic
conditions (Nguyen et al., 2012; He et al., 2014). In the dormant
hydrated state, genome maintenance activities reverse cellular
damage accumulated in the desiccated state (Elder and Osborne,
1993), potentially reducing the acute requirement for DNA repair
during germination observed in imbibing seeds. The negative
correlation between seed dormancy and longevity indicated that
repair capacity may be linked to the ecological niche that a
species is adapted to Nguyen et al. (2012). Thus, seeds from
dry environments may have lower dormancy but a greater
requirement for cellular repair, resulting in enhanced longevity,
whilst wetter environments support continuous background
levels of cellular repair, but require greater control in the
timing of germination. DNA repair synthesis is observed in
hydrated, dormant wild oat seeds (Avena fatua) which initiate
DNA replication only after transfer of seeds to temperatures
permissive of germination (Elder and Osborne, 1993). Recent
studies identified that Arabidopsis seeds display significant
upregulation of mRNA transcripts of genome maintenance
factors, including LIG6, SMR5 and ATM, during prolonged
hydration in the dormant state, consistent with repair activity
in the soil seed bank (Waterworth et al., 2016). Notably,
dormant, hydrated lettuce seed sustained less chromosomal
damage and retained germination vigor for extended time
periods in comparison to their dry stored counterparts (Villiers,
1974). DNA repair activities in desiccation-rehydration cycles
has also been identified which functions to help maintain
Artemesia seed viability in harsh desert conditions. These seeds
contain a water-absorbing proteinaceous surface pellicle and
the partial hydration of this pellicle by night-time desert dews
was correlated with significant DNA repair activity serving to
maintain the integrity of the embryo genome (Yang et al.,
2011). Genome maintenance is required to minimize the
mutational load as seeds deteriorate and germination vigor is lost
(Waterworth et al., 2015). The spectrum of mutations incurred
upon seed aging can be transmitted to future generations,
with the potential to influence plant genome stability at the
population level (Ries et al., 2000; Jiang et al., 2014). Seeds
of wild populations are particularly sensitive to environmental
perturbation (Cochrane et al., 2011) and stresses experienced at
this stage of the plant life cycle may have significant impact on
genome stability.
Homeostasis of Reactive Oxygen
Species in Seeds
Oxidative stress is a major cause of DNA damage, although
oxidation of macromolecules is associated with both promotion
of germination through ROS-mediated signaling in addition
to the accumulation of oxidative damage as seeds deteriorate
(Kranner et al., 2010). Oxidative stress activates components of
the plant DDRs through ATM kinase signaling (Yi et al., 2014).
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In other eukaryotes ATM acts as a direct sensor of oxidative
stress, although the mechanism of ATM activation is not reported
in plants. Levels of ROS in seeds are controlled by non-enzymatic
ROS scavenging systems and antioxidant enzymes such as
peroxidases (catalase, peroxiredoxins), superoxide dismutase,
and enzymes of the glutathione and ascorbate cycles (Bailly, 2004;
Kranner et al., 2010; Sano et al., 2015). In wheat seeds, the
peroxidase 1-cys peroxiredoxin (PER1) forms part of a nuclear-
localized redox system (Pulido et al., 2009). Recently, ectopic
expression of PER1 from sacred lotus, a species with extreme
seed longevity, was shown to confer resistance to Arabidopsis
seed aging, accompanied by reduced levels of ROS and lower
lipid peroxidation (Chen et al., 2016). Lotus PER1 reduces Fe3+
mediated cleavage of plasmid DNA in vitro, and this activity
together with nuclear localisation of this redox factor, provides
a potential mechanisms for the protection of the seed genome.
Combinatorial Consequences of
Seed Deterioration
All the components of a fully functional protein synthesizing
system, including messenger RNA, are present in the dry embryo
of seeds. Viable embryos require only the imbibition of water
for activation of metabolism and de novo protein synthesis is
detectable within minutes of imbibing water in viable embryo
(Bewley and Black, 1994). Germination is associated with massive
transcriptional reprogramming as stored transcripts associated
with seed maturation and quiescence are degraded in early
imbibition and replaced by de novo synthesis of mRNA species
required for seedling growth (Rajjou et al., 2004). DNA repair
synthesis is initiated very early upon seed imbibition with the
first burst of metabolic activity (Elder and Osborne, 1993).
This is suggestive that at least some DNA repair factors may
be either stored in the quiescent seed and become activated
upon imbibition or produced by de novo synthesis upon
resumption of transcription/translation (Elder and Osborne,
1993). During seed deterioration, damage to DNA, RNA,
and protein progressively accumulates, increasingly impacting
on the efficiency of transcription and translation processes
in germination and early seedling growth. An important
consequence of the requirement for de novo protein synthesis
in germination is that seeds must preserve the translation
machinery, as if it inactivated the capacity for production of
replacement proteins becomes limiting (Rajjou et al., 2008; Dirk
and Downie, 2018). Protein oxidation and mis-folding will also
impact on efficiency of enzyme activities, including those of DNA
repair factors such as DNA ligase and DNA polymerase, which
decline in activity as seeds near the viability threshold (Elder et al.,
1987; Gutiérrez et al., 1993; Coello and Vázquez-Ramos, 1996).
However, the temporal progression of DNA damage signaling
and repair processes in germination and how these are affected
during seed aging largely remains to be determined.
Future Questions
Recent studies have implicated important roles for DNA damage
signaling in control of germination in the aging seed. However,
how DNA repair processes and the DNA damage signaling
networks are integrated with other key regulatory factors which
control germination, dormancy and seed longevity remains to be
established. Additionally, the genome maintenance mechanisms
operative in dormancy and priming remain to be defined at
the molecular level. The plant DDR is a complex signaling
network with hundreds of downstream targets which orchestrates
the cellular response to DNA damage (Culligan et al., 2006).
Although ATM controls progression of germination in part
through control of cell cycle activation in the RAM (Waterworth
et al., 2016), further targets of DNA damage signaling and
their functions remain to be determined. Furthermore, the
contribution of DNA damage and roles of the DDR in loss
of seed viability remains unknown. Future work will uncover
these signaling pathways and provide an understanding of how
germination is linked to genome integrity, with the identification
of specific regulatory mechanisms and the cells and tissues of the
plant embryo in which they operate. This will include analysis
of agronomically important species, enabling the prediction and
improvement of germination under stress conditions, through
marker assisted breeding and utilization of intraspecific variation.
Germination potential is also important to natural ecosystems,
and defining the repair activities in seeds undergoing wet- dry
cycling cycles in the soil seed bank will provide new insight
into how genome integrity is preserved during environmental
stresses. While repair factors are important, understanding the
roles of chromatin remodeling, antioxidant systems and cellular
protective factors in maintenance of germination potential will
also help both understand and improve seed longevity.
CONCLUSION AND OUTLOOK
The use of seeds for crop production was central to the
development of human civilisation, underpinning agriculture
and food production from Neolithic times until the present
day. The increased demand for food with growth of the
global population is leading to escalation in the value of the
commercial seed market, projected to reach $92 billion by
2025 (Anon, 2019). Additional pressures on global agriculture
result from the reduction in arable land, changing climate
and the rising demand for biofuels. These factors necessitate
the development of improved crop varieties that are tolerant
of suboptimal environmental conditions and reduced losses
arising from poor germination and field establishment. The
escalating global population places enormous pressure on the
environment, threatening many species with extinction. This has
led to programs for plant germplasm conservation in seed banks,
reliant on the storage properties of seeds. Both agriculture and
plant conservation requires the maintenance of seed viability
during storage, and recent work is shedding light on the
molecular aspects of seed longevity, including key factors that
dictate the germination potential of a seed. The seed stage of
the plant lifecycle is associated with particularly high levels of
genotoxic stress which need to be countered by powerful DNA
repair and response mechanisms. These mechanisms maintain
germination potential but also play a vital role in preservation
of the genetic material transmitted between generations within
Frontiers in Plant Science | www.frontiersin.org 8 May 2019 | Volume 10 | Article 706
fpls-10-00706 May 29, 2019 Time: 18:9 # 9
Waterworth et al. Seeds and the Art of Genome Maintenance
the embryo genome. As such, DNA repair and response factors
represent promising targets for the genetic improvement of
crop germination performance in the field, in particular under
stress conditions. Quantification of DNA damage levels or repair
factors which are highly conserved across plant species, could also
provide early and sensitive predictive markers for the evaluation
of seed lot deterioration. Understanding genome maintenance
mechanisms in seeds will be fundamental for the prediction
and improvement of germination to help us meet major global
challenges on the road ahead.
AUTHOR CONTRIBUTIONS
WW, CB, and CW conceived and wrote the review.
FUNDING
This work was financially supported by the EU FP7 grant 311840
(EcoSeed) and the Biological Sciences Research Council grant
BB/S002081/1 to WW and CW.
REFERENCES
Abdalla, F. H., and Roberts, E. H. (1968). Effects of temperature, moisture,
and oxygen on the induction of chromosome damage in seeds of barley,
broad beans, and peas during storage. Ann. Bot. 32, 119–136. doi: 10.1093/
oxfordjournals.aob.a084187
Adachi, S., Minamisawa, K., Okushima, Y., Inagaki, S., Yoshiyama, K., Kondou,
Y., et al. (2011). Programmed induction of endoreduplication by DNA double-
strand breaks in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 108, 10004–10009.
doi: 10.1073/pnas.1103584108
Anon (2019). Commercial Seed Market Worth $92.32 Billion By 2025. Available at:
https://www.grandviewresearch.com/press-release/global-commercial-seeds-
market (accessed March, 2019).
Ashraf, M., and Bray, C. M. (1993). DNA synthesis in osmoprimed leek (Allium
porrum L.) seeds and evidence for repair and replication. Seed Sci. Res. 3, 15–23.
doi: 10.1017/S0960258500001525
Bailly, C. (2004). Active oxygen species and antioxidants in seed biology. Seed Sci.
Res. 14, 93–107. doi: 10.1079/SSR2004159
Barroco, R. M., Van Poucke, K., Bergervoet, J. H., De Veylder, L., Groot, S. P.,
Inze, D., et al. (2005). The role of the cell cycle machinery in resumption of
postembryonic development. Plant Physiol. 137, 127–140. doi: 10.1104/pp.104.
049361
Bewley, J. D. (1997). Seed germination and dormancy. Plant Cell 9, 1055–1066.
Bewley, J. D., and Black, M. (1994). Seeds: Physiology Of Development and
Germination. London: Plenum Press.
Bino, R. J., Devries, J. N., Kraak, H. L., and Van pijlen, J. G. (1992). Flow cytometric
determination of nuclear replication stages in tomato seeds during priming and
germination. Ann. Bot. 69, 231–236. doi: 10.1093/oxfordjournals.aob.a088335
Blowers, L. E., Stormonth, D. A., and Bray, C. M. (1980). Nucleic-acid and protein-
synthesis and loss of vigor in germinating wheat embryos. Planta 150, 19–25.
doi: 10.1007/bf00385609
Bray, C. M., and West, C. E. (2005). DNA repair mechanisms in plants: crucial
sensors and effectors for the maintenance of genome integrity. New Phytol. 168,
511–528. doi: 10.1111/j.1469-8137.2005.01548.x
Britt, A. B. (1999). Molecular genetics of DNA repair in higher plants. Trends Plant
Sci. 4, 20–25. doi: 10.1016/s1360-1385(98)01355-7
Buitink, J., and Leprince, O. (2008). Intracellular glasses and seed survival in the
dry state. C. R. Biol. 331, 788–795. doi: 10.1016/j.crvi.2008.08.002
Capron, I., Corbineau, F., Dacher, F., Job, C., Côme, D., and Job, D. (2007).
Sugarbeet seed priming: effects of priming conditions on germination,
solubilization of 11-S globulin and accumulation of LEA proteins. Seed Sci. Res.
10, 243–254. doi: 10.1017/S0960258500000271
Charbonnel, C., Allain, E., Gallego, M. E., and White, C. I. (2011). Kinetic analysis
of DNA double-strand break repair pathways in Arabidopsis. DNA Repair 10,
611–619. doi: 10.1016/j.dnarep.2011.04.002
Cheah, K. S., and Osborne, D. J. (1978). DNA lesions occur with loss of viability in
embryos of ageing rye seed. Nature 272, 593–599. doi: 10.1038/272593a0
Chen, H., Chu, P., Zhou, Y., Li, Y., Liu, J., Ding, Y., et al. (2012). Overexpression
of AtOGG1, a DNA glycosylase/AP lyase, enhances seed longevity and abiotic
stress tolerance in Arabidopsis. J. Exp. Bot. 63, 4107–4121. doi: 10.1093/jxb/
ers093
Chen, H., Osuna, D., Colville, L., Lorenzo, O., Graeber, K., Küster, H., et al. (2013).
Transcriptome-wide mapping of pea seed ageing reveals a pivotal role for genes
related to oxidative stress and programmed cell death. PLoS One 8:e78471.
doi: 10.1371/journal.pone.0078471
Chen, H.-H., Chu, P., Zhou, Y.-L., Ding, Y., Li, Y., Liu, J., et al. (2016).
Ectopic expression of NnPER1, a Nelumbo nucifera 1-cysteine peroxiredoxin
antioxidant, enhances seed longevity and stress tolerance in Arabidopsis. Plant
J. 88, 608–619. doi: 10.1111/tpj.13286
Clerkx, E. J. M., Blankestijn-De Vries, H., Ruys, G. J., Groot, S. P. C., and
Koornneef, M. (2004). Genetic differences in seed longevity of various
Arabidopsis mutants. Physiol. Plant. 121, 448–461. doi: 10.1111/j.0031-9317.
2004.00339.x
Cochrane, A., Daws, M. I., and Hay, F. R. (2011). Seed-based approach for
identifying flora at risk from climate warming. Aust. Ecol. 36, 923–935. doi:
10.1111/j.1442-9993.2010.02211.x
Coello, P., and Vázquez-Ramos, J. M. (1996). Maize DNA polymerase 2 (an α-type
enzyme) suffers major damage after seed deterioration. Seed Sci. Res. 6, 1–7.
doi: 10.1017/S0960258500002932
Córdoba-Cañero, D., Roldán-Arjona, T., and Ariza, R. R. (2014). Arabidopsis
ZDP DNA 3′-phosphatase and ARP endonuclease function in 8-oxoG repair
initiated by FPG and OGG1 DNA glycosylases. Plant J. 79, 824–834. doi: 10.
1111/tpj.12588
Costa, R. M., Morgante, P. G., Berra, C. M., Nakabashi, M., Bruneau, D., Bouchez,
D., et al. (2001). The participation of AtXPB1, the XPB/RAD25 homologue gene
from Arabidopsis thaliana, in DNA repair and plant development. Plant J. 28,
385–395. doi: 10.1046/j.1365-313x.2001.01162.x
Culligan, K. M., Robertson, C. E., Foreman, J., Doerner, P., and Britt, A. B. (2006).
ATR and ATM play both distinct and additive roles in response to ionizing
radiation. Plant J. 48, 947–961. doi: 10.1111/j.1365-313x.2006.02931.x
Dandoy, E., Schyns, R., Deltour, L., and Verly, W. G. (1987). Appearance and repair
of apurinic/apyrimidinic sites in DNA during early germination. Mutat. Res.
181, 57–60. doi: 10.1016/0027-5107(87)90287-9
Dawidowicz Grzegorzewska, A. (1997). Ultrastructure of carrot seeds during
matriconditioning with Micro-Cel E. Ann. Bot. 79, 535–545. doi: 10.1006/anbo.
1996.0370
de Castro, R. D., van Lammeren, A. A., Groot, S. P., Bino, R. J., and Hilhorst, H. W.
(2000). Cell division and subsequent radicle protrusion in tomato seeds are
inhibited by osmotic stress but DNA synthesis and formation of microtubular
cytoskeleton are not. Plant Physiol. 122, 327–335. doi: 10.1104/Pp.122.
2.327
Dekkers, B. J., Costa, M. C., Maia, J., Bentsink, L., Ligterink, W., and Hilhorst,
H. W. (2015). Acquisition and loss of desiccation tolerance in seeds: from
experimental model to biological relevance. Planta 241, 563–577. doi: 10.1007/
s00425-014-2240-x
Dirk, L. M. A., and Downie, A. B. (2018). An examination of Job’s rule: protection
and repair of the proteins of the translational apparatus in seeds. Seed Sci. Res.
28, 168–181. doi: 10.1017/S0960258518000284
Donà, M., and Mittelsten Scheid, O. (2015). DNA damage repair in the context of
plant chromatin. Plant Physiol. 168, 1206–1218. doi: 10.1104/pp.15.00538
Dourado, A. M., and Roberts, E. H. (1984a). Chromosome aberrations induced
during storage in barley and pea seeds. Ann. Bot. 54, 767–779. doi: 10.1093/
oxfordjournals.aob.a086849
Dourado, A. M., and Roberts, E. H. (1984b). Phenotypic mutations induced
during storage in barley and pea seeds. Ann. Bot. 54, 781–790. doi: 10.1093/
oxfordjournals.aob.a086850
Frontiers in Plant Science | www.frontiersin.org 9 May 2019 | Volume 10 | Article 706
fpls-10-00706 May 29, 2019 Time: 18:9 # 10
Waterworth et al. Seeds and the Art of Genome Maintenance
Elder, R., and Osborne, D. (1993). Function of DNA synthesis and DNA repair in
the survival of embryos during early germination and in dormancy. Seed Sci.
Res. 3, 43–53. doi: 10.1017/s0960258500001550
Elder, R. H., Dell’Aquila, A., Mezzina, M., Sarasin, A., and Osborne, D. J. (1987).
DNA ligase in repair and replication in the embryos of rye, Secale cereale.
Mutat. Res. 181, 61–71. doi: 10.1016/0027-5107(87)90288-0
El-Maarouf-Bouteau, H., Mazuy, C., Corbineau, F., and Bailly, C. (2011). DNA
alteration and programmed cell death during ageing of sunflower seed. J. Exp.
Bot. 62, 5003–5011. doi: 10.1093/jxb/err198
Finch-Savage, W. E., and Bassel, G. W. (2016). Seed vigour and crop establishment:
extending performance beyond adaptation. J. Exp. Bot. 67, 567–591. doi: 10.
1093/jxb/erv490
Footitt, S., Douterelo-Soler, I., Clay, H., and Finch-Savage, W. E. (2011). Dormancy
cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-
signaling pathways. Proc. Natl. Acad. Sci. U.S.A. 108, 20236–20241. doi: 10.
1073/pnas.1116325108
Franca, M. B., Panek, A. D., and Eleutherio, E. C. (2007). Oxidative stress and its
effects during dehydration. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 146,
621–631. doi: 10.1016/j.cbpa.2006.02.030
Friesner, J., and Britt, A. B. (2003). Ku80- and DNA ligase IV-deficient plants are
sensitive to ionizing radiation and defective in T-DNA integration. Plant J. 34,
427–440. doi: 10.1046/j.1365-313x.2003.01738.x
Fulcher, N., and Sablowski, R. (2009). Hypersensitivity to DNA damage in plant
stem cell niches. Proc. Natl. Acad. Sci. U.S.A. 106, 20984–20988. doi: 10.1073/
pnas.0909218106
Furukawa, T., Curtis, M. J., Tominey, C. M., Duong, Y. H., Wilcox, B. W., Aggoune,
D., et al. (2010). A shared DNA-damage-response pathway for induction of
stem-cell death by UVB and by gamma irradiation. DNA Repair 9, 940–948.
doi: 10.1016/j.dnarep.2010.06.006
Gladyshev, E., and Meselson, M. (2008). Extreme resistance of bdelloid rotifers to
ionizing radiation. Proc. Natl. Acad. Sci. U.S.A. 105, 5139–5144. doi: 10.1073/
pnas.0800966105
Godínez-Palma, S. K., Rosas-Bringas, F. R., Rosas-Bringas, O. G., García-Ramírez,
E., Zamora-Zaragoza, J., and Vázquez-Ramos, J. M. (2017). Two maize Kip-
related proteins differentially interact with, inhibit and are phosphorylated
by cyclin D–cyclin-dependent kinase complexes. J. Exp. Bot. 68, 1585–1597.
doi: 10.1093/jxb/erx054
Gray, D., Rowse, H. R., and Drew, R. L. K. (1990a). A comparison of two large scale
priming techniques. Ann. Appl. Biol. 116, 611–616. doi: 10.1111/j.1744-7348.
1990.tb06644.x
Gray, D., Steckel, J. R. A., and Hands, L. J. (1990b). Responses of vegetable seeds to
controlled hydration. Ann. Bot. 66, 227–235. doi: 10.1093/oxfordjournals.aob.
a088019
Gutiérrez, G., Cruz, F., Moreno, J., González-Hernández, V. A., and Vázquez-
Ramos, J. M. (1993). Natural and artificial seed ageing in maize: germination
and DNA synthesis. Seed Sci. Res. 3, 279–285. doi: 10.1017/S0960258500001896
He, H., de Souza Vidigal, D., Snoek, L. B., Schnabel, S., Nijveen, H., Hilhorst, H.,
et al. (2014). Interaction between parental environment and genotype affects
plant and seed performance in Arabidopsis. J. Exp. Bot. 65, 6603–6615. doi:
10.1093/jxb/eru378
Heydecker, W., Higgins, J., and Gulliver, R. L. (1973). Accelerated germination by
osmotic seed treatment. Nature 246, 42–44. doi: 10.1016/j.plaphy.2013.07.007
Heyman, J., Kumpf, R. P., and De Veylder, L. (2014). A quiescent path to plant
longevity. Trends Cell Biol. 24, 443–448. doi: 10.1016/j.tcb.2014.03.004
Hu, Z., Cools, T., and De Veylder, L. (2016). Mechanisms used by plants to cope
with DNA damage. Annu. Rev. Plant Biol. 67, 439–462. doi: 10.1146/annurev-
arplant-043015-111902
Jiang, C., Mithani, A., Belfield, E. J., Mott, R., Hurst, L. D., and Harberd, N. P.
(2014). Environmentally responsive genome-wide accumulation of de novo
Arabidopsis thaliana mutations and epimutations. Genome Res. 24, 1821–1829.
doi: 10.1101/gr.177659.114
Johnson, R. A., Conklin, P., Tjahjadi, M., Missirian, V., Toal, T., Brady, S. M., et al.
(2017). SUPPRESSOR OF GAMMA RESPONSE 1 links DNA damage response
to organ regeneration. Plant Physiol. 176, 1665–1675. doi: 10.1104/pp.17.01274
Joosen, R. V. L., Arends, D., Willems, L. A. J., Ligterink, W., Jansen, R. C., and
Hilhorst, H. W. M. (2012). Visualizing the genetic landscape of Arabidopsis seed
performance. Plant Physiol. 158, 570–589. doi: 10.1104/pp.111.186676
Karssen, C. M., Haigh, A., Toorn, P., and Weges, R. (1990). “Physiological
mechanisms involved in seed priming,” in Recent Advances in the Development
andGermination of Seeds, ed. R. B. Taylorson (London: Plenum Press), 269–280.
doi: 10.1007/978-1-4613-0617-7_20
Kranner, I., Minibayeva, F. V., Beckett, R. P., and Seal, C. E. (2010). What is
stress? Concepts, definitions and applications in seed science. New Phytol. 188,
655–673. doi: 10.1111/j.1469-8137.2010.03461.x
Lara-Núñez, A., De Jesús, N., and Vázquez-Ramos, J. M. (2008). Maize D4;1 and D5
cyclin proteins in germinating maize. Associated kinase activity and regulation
by phytohormones. Physiol. Plant. 132, 79–88. doi: 10.1111/j.1399-3054.2007.
00995.x
Li, J., Harper, L. C., Golubovskaya, I., Wang, C. R., Weber, D., Meeley, R. B.,
et al. (2007). Functional analysis of maize RAD51 in meiosis and DSBs repair.
Genetics 176, 1469–1482. doi: 10.1534/genetics.106.062604
Macovei, A., Balestrazzi, A., Confalonieri, M., Faé, M., and Carbonera, D. (2011).
New insights on the barrel medic MtOGG1 and MtFPG functions in relation
to oxidative stress response in planta and during seed imbibition. Plant Physiol.
Biochem. 49, 1040–1050. doi: 10.1016/j.plaphy.2011.05.007
Masubelele, N. H., Dewitte, W., Menges, M., Maughan, S., Collins, C., Huntley,
R., et al. (2005). D-type cyclins activate division in the root apex to promote
seed germination in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 102, 15694–15699.
doi: 10.1073/pnas.0507581102
McDonald, M. B. (1999). Seed deterioration: physiology, repair and assessment.
Seed Sci. Technol. 27, 177–237.
Mondoni, A., Orsenigo, S., Dona, M., Balestrazzi, A., Probert, R. J., Hay, F. R., et al.
(2014). Environmentally induced transgenerational changes in seed longevity:
maternal and genetic influence. Ann. Bot. 113, 1257–1263. doi: 10.1093/aob/
mcu046
Navashin, M. (1933). Origin of spontaneous mutations. Nature 131:436. doi:
10.1038/131436a0
Nelson, S. K., Ariizumi, T., and Steber, C. M. (2017). Biology in the dry seed:
transcriptome changes associated with dry seed dormancy and dormancy loss
in the Arabidopsis GA-insensitive sleepy1-2 mutant. Front. Plant Sci. 8:2158.
doi: 10.3389/fpls.2017.02158
Neumann, S., Reuner, A., Brummer, F., and Schill, R. O. (2009). DNA damage
in storage cells of anhydrobiotic tardigrades. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 153, 425–429. doi: 10.1016/j.cbpa.2009.04.611
Nguyen, T. P., Keizer, P., van Eeuwijk, F., Smeekens, S., and Bentsink, L.
(2012). Natural variation for seed longevity and seed dormancy are negatively
correlated in Arabidopsis. Plant Physiol. 160, 2083–2092. doi: 10.1104/pp.112.
206649
Ogita, N., Okushima, Y., Tokizawa, M., Yamamoto, Y. Y., Tanaka, M., Seki,
M., et al. (2018). Identifying the target genes of SUPPRESSOR OF GAMMA
RESPONSE 1, a master transcription factor controlling DNA damage response
in Arabidopsis. Plant J. 94, 439–453. doi: 10.1111/tpj.13866
Pagano, A., de Sousa Araujo, S., Macovei, A., Dondi, D., Lazzaroni, S., and
Balestrazzi, A. (2018). Metabolic and gene expression hallmarks of seed
germination uncovered by sodium butyrate in Medicago truncatula. Plant Cell
Environ. 42, 259–269. doi: 10.1111/pce.13342
Parreira, J. R., Balestrazzi, A., Fevereiro, P., and Araujo, S. S. (2018).
Maintaining genome integrity during seed development in Phaseolus vulgaris
L.: evidence from a transcriptomic profiling study. Genes 9:E463. doi: 10.3390/
genes9100463
Powell, A. A., and Matthews, S. (2012). Seed aging/repair hypothesis leads to new
testing methods. Seed Technol. 34, 15–25.
Pulido, P., Cazalis, R., and Cejudo, F. J. (2009). An antioxidant redox system in
the nucleus of wheat seed cells suffering oxidative stress. Plant J. 57, 132–145.
doi: 10.1111/j.1365-313X.2008.03675.x
Rajjou, L., Duval, M., Gallardo, K., Catusse, J., Bally, J., Job, C., et al. (2012).
Seed germination and vigor. Annu. Rev. Plant Biol. 63, 507–533. doi: 10.1146/
annurev-arplant-042811-105550
Rajjou, L., Gallardo, K., Debeaujon, I., Vandekerckhove, J., Job, C., and Job,
D. (2004). The effect of alpha-amanitin on the Arabidopsis seed proteome
highlights the distinct roles of stored and neosynthesized mRNAs during
germination. Plant Physiol. 134, 1598–1613. doi: 10.1104/pp.103.036293
Rajjou, L., Lovigny, Y., Groot, S. P., Belghazi, M., Job, C., and Job, D. (2008).
Proteome-wide characterization of seed aging in Arabidopsis: a comparison
Frontiers in Plant Science | www.frontiersin.org 10 May 2019 | Volume 10 | Article 706
fpls-10-00706 May 29, 2019 Time: 18:9 # 11
Waterworth et al. Seeds and the Art of Genome Maintenance
between artificial and natural aging protocols. Plant Physiol. 148, 620–641.
doi: 10.1104/pp.108.123141pp.108.123141
Resentini, F., Felipo-Benavent, A., Colombo, L., Blázquez, M. A., Alabadí, D.,
and Masiero, S. (2015). TCP14 and TCP15 mediate the promotion of seed
germination by gibberellins in Arabidopsis thaliana. Mol. Plant 8, 482–485.
doi: 10.1016/j.molp.2014.11.018
Ries, G., Heller, W., Puchta, H., Sandermann, H., Seidlitz, H. K., and Hohn, B.
(2000). Elevated UV-B radiation reduces genome stability in plants. Nature 406,
98–101. doi: 10.1038/35017595
Righetti, K., Vu, J. L., Pelletier, S., Vu, B. L., Glaab, E., Lalanne, D., et al. (2015).
Inference of longevity-related genes from a robust coexpression network of seed
maturation identifies regulators linking seed storability to biotic defense-related
pathways. Plant Cell 27, 2692–2708. doi: 10.1105/tpc.15.00632
Sallon, S., Solowey, E., Cohen, Y., Korchinsky, R., Egli, M., Woodhatch, I., et al.
(2008). Germination, genetics, and growth of an ancient date seed. Science
320:1464. doi: 10.1126/science.1153600
Sancar, A., Lindsey-Boltz, L. A., Unsal-Kacmaz, K., and Linn, S. (2004). Molecular
mechanisms of mammalian DNA repair and the DNA damage checkpoints.
Annu. Rev. Biochem. 73, 39–85. doi: 10.1146/annurev.biochem.73.011303.
073723
Sano, N., Rajjou, L., North, H. M., Debeaujon, I., Marion-Poll, A., and Seo, M.
(2015). Staying alive: molecular aspects of seed longevity. Plant Cell Physiol. 57,
660–674. doi: 10.1093/pcp/pcv186
Sattler, S. E., Gilliland, L. U., Magallanes-Lundback, M., Pollard, M., and
DellaPenna, D. (2004). Vitamin E is essential for seed longevity and for
preventing lipid peroxidation during germination. Plant Cell 16, 1419–1432.
doi: 10.1105/tpc.021360
Standard, S. A., Perret, D., and Bray, C. M. (1983). Nucleotide levels and loss of
vigor and viabilty in germinating wheat embryos. J. Exp. Bot. 34, 1047–1054.
doi: 10.1093/jxb/34.8.1047
Tarquis, A. M., and Bradford, K. J. (1992). Prehydration and priming treatments
that advance germination also increase the rate of deterioration of lettuce seeds.
J. Exp. Bot. 43, 307–317. doi: 10.1093/Jxb/43.3.307
van Zanten, M., Koini, M. A., Geyer, R., Liu, Y., Brambilla, V., Bartels, D., et al.
(2011). Seed maturation in Arabidopsis thaliana is characterized by nuclear size
reduction and increased chromatin condensation. Proc. Natl. Acad. Sci. U.S.A.
108, 20219–20224. doi: 10.1073/pnas.1117726108
van Pijlen, J. G., Groot, S. P. C., Kraak, H. L., Bergervoet, J. H. W., and
Bino, R. J. (1996). Effects of pre-storage hydration treatments on germination
performance, moisture content, DNA synthesis and controlled deterioration
tolerance of tomato (Lycopersicon esculentum Mill) seeds. Seed Sci. Res. 6,
57–63. doi: 10.1017/s0960258500003032
Vázquez-Ramos, J. M., and de la Paz Sánchez, M. (2007). The cell cycle and seed
germination. Seed Sci. Res. 13, 113–130. doi: 10.1079/SSR2003130
Velappan, Y., Signorelli, S., and Considine, M. J. (2017). Cell cycle arrest in plants:
what distinguishes quiescence, dormancy and differentiated G1? Ann. Bot. 120,
495–509. doi: 10.1093/aob/mcx082
Villiers, T. A. (1974). Seed aging: chromosome stability and extended viability of
seeds stored fully imbibed. Plant Physiol. 53, 875–878. doi: 10.1104/pp.53.6.875
Walters, C., Reilley, A. A., Reeves, P. A., Baszczak, J., and Richards, C. M. (2006).
The utility of aged seeds in DNA banks. Seed Sci. Res. 16, 169–178. doi: 10.1079/
ssr2006246
Wang, Z., Cao, H., Sun, Y., Li, X., Chen, F., Carles, A., et al. (2013). Arabidopsis
paired amphipathic helix proteins SNL1 and SNL2 redundantly regulate
primary seed dormancy via abscisic acid–ethylene antagonism mediated by
histone deacetylation. Plant Cell 25, 149–166. doi: 10.1105/tpc.112.108191
Wang, Z., Chen, F., Li, X., Cao, H., Ding, M., Zhang, C., et al. (2016). Arabidopsis
seed germination speed is controlled by SNL histone deacetylase-binding
factor-mediated regulation of AUX1. Nat. Commun. 7:13412. doi: 10.1038/
ncomms13412
Waterworth, W. M., Bray, C. M., and West, C. E. (2015). The importance of
safeguarding genome integrity in germination and seed longevity. J. Exp. Bot.
66, 3549–3558. doi: 10.1093/jxb/erv080
Waterworth, W. M., Footitt, S., Bray, C. M., Finch-Savage, W. E., and West,
C. E. (2016). DNA damage checkpoint kinase ATM regulates germination
and maintains genome stability in seeds. Proc. Natl. Acad. Sci. U.S.A. 113,
9647–9652. doi: 10.1073/pnas.1608829113
Waterworth, W. M., Masnavi, G., Bhardwaj, R. M., Jiang, Q., Bray, C. M., and West,
C. E. (2010). A plant DNA ligase is an important determinant of seed longevity.
Plant J. 63, 848–860. doi: 10.1111/j.1365-313X.2010.04285.xTPJ4285
Wen, B., Nieuwland, J., and Murray, J. A. H. (2013). The Arabidopsis CDK
inhibitor ICK3/KRP5 is rate limiting for primary root growth and promotes
growth through cell elongation and endoreduplication. J. Exp. Bot. 64, 1–13.
doi: 10.1093/jxb/ert009
West, C. E., Waterworth, W. M., Story, G. W., Sunderland, P. A., Jiang, Q., and
Bray, C. M. (2002). Disruption of the Arabidopsis AtKu80 gene demonstrates
an essential role for AtKu80 protein in efficient repair of DNA double-
strand breaks in vivo. Plant J. 31, 517–528. doi: 10.1046/j.1365-313x.2002.
01370.x
Yang, X., Zhang, W., Dong, M., Boubriak, I., and Huang, Z. (2011). The achene
mucilage hydrated in desert dew assists seed cells in maintaining dna integrity:
adaptive strategy of desert plant Artemisia sphaerocephala. PLoS One 6:e24346.
doi: 10.1371/journal.pone.0024346
Yi, D., Alvim Kamei, C. L., Cools, T., Vanderauwera, S., Takahashi, N., Okushima,
Y., et al. (2014). The Arabidopsis SIAMESE-RELATED cyclin-dependent kinase
inhibitors SMR5 and SMR7 regulate the DNA damage checkpoint in response
to reactive oxygen species. Plant Cell 26, 296–309. doi: 10.1105/tpc.113.118943
Zahradka, K., Slade, D., Bailone, A., Sommer, S., Averbeck, D., Petranovic, M.,
et al. (2006). Reassembly of shattered chromosomes inDeinococcus radiodurans.
Nature 443, 569–573. doi: 10.1038/nature05160
Zanten, M., Zöll, C., Wang, Z., Philipp, C., Carles, A., Li, Y., et al. (2014). HISTONE
DEACETYLASE 9 represses seedling traits in Arabidopsis thaliana dry seeds.
Plant J. 80, 475–488. doi: 10.1111/tpj.12646
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Waterworth, Bray and West. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 11 May 2019 | Volume 10 | Article 706
